Electrons are heated locally and temporally in a uniform magnetoplasma by applying a short current pulse to a loop antenna. The resultant heat pulse, satisfying electron MHD conditions (v 21 ce ø Dt ø v 21 ci ), generates helicity due to twisting of field lines by diamagnetic drifts. Heat convection and diffusion cool the pulse, which reduces its propagation to zero. The stationary temperature profile decays by cross-field transport conserving volume-integrated heat.
Heat transport and helicity generation in magnetized plasmas is a topic of general interest in laboratory and space plasmas. For example, it plays a role in the energy confinement of fusion plasmas [1] and the heating of the solar corona [2] . Here we are interested in an initial and boundary value problem where a plasma is heated locally and temporally in the regime of electron MHD. The temperature relaxation in space and time is controlled by conduction with anisotropic heat conductivities and convection by electron flows, i.e., currents. Experimentally, an electron heat pulse is injected and the resultant current system is measured with magnetic probes. The axially varying diamagnetic drift rotates the electron fluid across B 0 ; hence the fairly frozen-in magnetic field [3] is twisted and forms a finite-length flux rope observed to satisfy = 3 B kB͑r, t͒. Although the twist is small (ഠ20 ± ) in the present experiment, it is possible to obtain large twists in hotter plasmas, e.g., in photospheric plasmas. A large twist could lead to reconnection and emission of low frequency whistlers transporting heat faster than Alfvén waves into the corona [4] .
The experiment is performed in a large plasma column (1 m diam 3 2.5 m) sketched in Fig. 1 . It is a pulsed dc discharge (40 V, 500 A, t pulse Ӎ 5 ms, t rep Ӎ 1 s) produced with a 1 m diam oxide-coated cathode in argon (0.3 mTorr). In the quiescent, uniform, low-temperature, afterglow plasma (n e Ӎ 2 3 10 11 cm 23 , kT e Ӎ 0.5 eV, B 0 Ӎ 15 G, a short (Dt FWHM ഠ 0.2 ms) current pulse is applied to an insulated magnetic loop antenna (4 cm diam, two turns, axis k B 0 ) or to a one-sided electrode. Timevarying magnetic fields associated with currents in the antenna and plasma are measured with a movable magnetic probe, recording (B x , B y , B z ) simultaneously versus time at a given position. By repeating the highly reproducible discharge and moving the probe to different positions, the vector field B͑r, t͒ is acquired and stored. The current density is calculated via Ampère's law, J = 3 B͞m 0 , where the vacuum displacement current can be neglected. From the diamagnetic field, electron temperature changes as small as 10 23 eV can be deduced. The background plasma parameters are measured with a Langmuir probe. Nonintrusive light-emission measurements qualitatively support the electron heating observed with in situ probes.
The electromagnetic field in the near zone of the antenna gives rise to strong electron heating, and excites a transient whistler wave pulse which propagates with y k Ӎ 1.5 3 10 8 cm͞s along B 0 [5] . The front of the heat pulse advances along B 0 , slows down as the temperature decreases, and, finally, a stationary but decaying temperature profile is achieved. The present work focuses on the slow relaxation processes of the heated flux tube after the transient heating and wave processes have died out. expected from the geometry of the antenna. In time, the width of the heated channel gradually expands, and the field strength slowly decreases due to radial and axial heat transport.
The plasma parameters are directly measured with probes. Figure 2 (b) shows the radial density and temperature profiles at z 5 cm, t 1 ms. No significant density changes are observed, but the electron temperature is strongly enhanced in the flux tube of the antenna. The former is expected since density enhancements due to ionization in a Maxwellian electron distribution with kT e Ӎ 5 eV occur at a rate ≠n e ͞≠t n 0 n e ͗s i y e ͘ Ӎ 4 3 10 15 cm 23 s 21 where n e ͗s i y e ͘ Ӎ 4 3 10 2 s 21 is the ionization frequency in Ar [6] , and n 0 Ӎ 10 13 cm 23 is the neutral density. Thus, the density increase by ionization during a 1 ms time interval is Dn e Ӎ 4 3 10 9 cm 23 or Dn e ͞n e Ӎ 2%. With increasing time, the temperature decreases and ionization effects become negligible. These small density changes cannot be resolved with Langmuir probes whose accuracy is of order 10%. To first order, heat transport in a uniform plasma dominated by Coulomb collisions is observed. Electron-neutral collisions are negligible due to the Ramsauer effect in argon (at kT e 1 eV, n en Ӎ 7 3 10 4 s 21 ø n ei Ӎ 6 3 10 6 s 21 ø v ce 2.6 3 10 8 s 21 ) [6] . Figure 3 displays the diamagnetic field, B z , and current, J u 2n=kT e 3 B 0 ͞B 2 0 , at a fixed time, t 2 ms, in the y-z plane on the axis of the antenna. Furthermore, a comparably strong axial current, J z , and corresponding field, B u , are observed. J z is driven by axial temperature gradients. Alternatively, it may be explained by the twisting of frozen-in magnetic field lines due to the differential electron diamagnetic drift, which is largest at the high temperature end and zero at the cold end of the flux tube. This process is the electron MHD analog to the twisting of solar MHD flux ropes by foot-point motion [7] . The magnetic helicity generated is negative (lefthanded twist) when B 0 . 0 and positive for B 0 , 0, since only J u , but not J z , reverses sign with B 0 . In the heated flux tube, the perturbed field closely matches the relation = 3 B kB. In cylindrical geometry, with ≠͞≠u ഠ ≠͞≠z ഠ 0, the theoretical profiles are given by Bessel functions, B z~J0 ͑kr͒, B u~J1 ͑kr͒. Figure 3 shows a comparison of the observed and theoretical radial profiles which have been matched at J 0 ͑2.4͒ 0 to yield k ഠ 0.49 cm 21 . The magnetic field is twisted by an angle u ഠ B u ͑͞B 0 2 B z ͒ ͑L k ͒͞r, where L k ഠ 250 cm is the axial length of the flux tube and r Ӎ 5 cm is the radius at B u,max Ӎ 0.1 G. Although u is rather small (0.3 rad) for the present parameters (kT e 1 eV), u increases rapidly with kT e , since B u~Ju r~s k = k T e r~T 5͞2 e r͞L k . With u 0.3͑kT e ͞1 eV͒ 5͞2 ͓1 2 ͑0.04kT e ͞1 eV͔͒ 21͞2 rad, one finds already at kT e 5 eV that u ഠ 6p rad, as sketched in Fig. 1 . Even larger twists may arise in solar plasmas. Since = ? J ഠ 0, the observed axial variation of J z implies a radial current, J r , which is two orders of magnitude smaller than J z . The current closure within the plasma is shown below for a shorter, heated channel. These currents have important consequences on the heat transport. The axial current corresponds to a drift of hot electrons along B 0 away from the heat source, and the radial currents convect heat across B 0 out of the flux tube. The diamagnetic current creates a circulating heat flow such that ≠T e ͞≠u ഠ 0.
The temperature decay is obtained from the diamagnetic field, B z , whose space-time dependence is shown in Fig. 4 , B z ͑r 0, z, t͒ 0.27jDkT e j G͞eV. The typical decay time on axis at z 20 cm is t T 2B z ͑͞≠B z ͞≠t͒ ഠ 14 ms (bottom trace). This decay time can be compared with the theoretical value due to radial heat conduction, governed by the transport equation 2 d͑nkT e ͒͞dt 2= Ќ ? q, where q 2k Ќ = Ќ kT e is the gradient heat flux, k Ќ 4.7nkT e ͑͞mv 2 ce t ei ͒ is the thermal cross-field conductivity, and t ei 3.4 3 10 5 kT
3͞2
e ͞nl is the electronion collision time [8] . With nkT e nkT e0 1 jB z jB 0 ͞m 0 , where kT e0 Ӎ 0.5 eV is the ambient temperature, and jB z jB 0 ͞m 0 the energy increase in the flux tube, the transport equation can be written as ≠jB z j͞≠t 6.5 3 10 5 cm 2 ͞s ͑1͞r͒≠͓͑≠jB z j͒͞≠r͞ p ͑1 1 jB z j͞0.04 G͒ ͔͞≠r. From the measured dependence of B z ͑r͒, a radially averaged decay time of t T 2B z ͑͞≠B z ͞≠t͒ ഠ 7.5 ms has been evaluated which predicts the observed value to within a factor of less than 2.
In order to consider the axial heat losses, the diamagnetic field is radially and axially integrated which yields the total heat deposited in the measurement volume, Q͑t͒ NDkT e ͑2pB 0 ͞m 0 ͒ R R jB z jr dr dz (Fig. 4 , bottom trace). Its decay time, t k ഠ 102 ms, is an order of magnitude slower than that of the temperature in the flux tube, implying that the cross-field heat losses exceed the parallel heat losses. Theoretically, the axial heat transport is given by 3 2 d͑nkT e ͒͞dt 2= k ? q, where the heat flux, q 0.71nkT e v k , is dominated by the axial current, J z 2ney k , rather than temperature gradients. The temporal decay of the total excess heat in the measurement volume is given by the net outflow of heat through the end surfaces,
dr, which yields a decay time, t k 2Q͑͞dQ͞dt͒ ഠ 63 mJ͞0.58 W ഠ 109 ms, in good agreement with the observed value.
Knowing the total heat deposited in the column, Q ഠ 230 mJ for 5 , z , 150 cm, t 2 ms, we can make a comparison with the energy injected by the whistler wave pulse, U em H ͑E 3 H͒ ? dS dt. Here the axial component of the Poynting vector, E r B u ͞m 0 ഠ ͑B 0 ͞nem 0 ͒J u B u has been integrated at z 5 cm over the transverse cross section, dS 2pr dr, and the duration of the pulse, 0 , t , 2 ms, with a result of U em ഠ 10 mJ. Thus, the wave contributes only 4% of the heat while 96% comes from the near zone fields of the antenna, a result of possible interest to helicon plasma sources [9] . The real part of the antenna impedance is definitely not a radiation resistance.
The antenna current, i.e., the heat input, determines not only the temperature rise (DkT e 0.003I loop eV͞A at r 0, z 30 cm, t 4.5 ms) but also the length of the heated channel. At lower currents, the enhanced axial temperature profile ends well before the end of the device, implying that the injected heat diffuses across B 0 before being axially lost at the walls. The axial current loop fully closes within the plasma. As an example, Fig. 5 shows the diamagnetic field and the axial current loop of a heated flux tube during its stationary but decaying phase. B 0 has been reversed to show that only B z but not J z changes sign. Furthermore, the heating is accomplished by applying the current pulse to a disk electrode rather than a loop antenna, demonstrating that the method of heating does not affect the late relaxation processes. Both the outflow of hot electrons, v e 2J͞ne, from the right end of the heated flux tube and the inflow of colder electrons at the left end cause convective heat losses resulting in a temperature peak in the middle. In Fig. 3 , this peak must be at z ¿ 45 cm as judged by the weak, positive axial gradients in B z and J z . The axial length of the heated flux tube increases with temperature because the ratio of parallel to perpendicular heat flow increases, q u,k ͞q T,Ќ~k T e J z ͞k Ќ = Ќ T e~n 21 ei~T 3͞2
e . When the heated flux tube lies within the measurement volume, the decay time of the total energy, Q͑t͒ NDkT e , is t k ¿ 100 ms, the exact value being subject to significant bit noise errors. The temperature equilibration time with ions is t ഠ ͑m i ͞2m e ͒n 21 ei ഠ 2.4 ms, while the temperature decay time of the entire plasma column is observed to be t T ഠ 0.9 ms for kT e ഠ 0.5 eV [10] .
In summary, sudden local electron heating generates helicity since the "foot-point" diamagnetic rotation twists the frozen-in magnetic field lines. The associated electron currents conserve charge (= ? J 0) but convect heat out of the flux tube (= ? q 2J ? =kT e ͞e fi 0). Although beyond the resolution of present experiments, such electron MHD effects may arise as a fine structure in solar plasmas.
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